1 1 are anisotrooic functions of polarization direction at these wavelengths, adding new complexity to diffraction optics. These terms were measured in diffraction experiments with sodium uranyl acetate at five wavelengths near L 3 .
The cubic symmetry permits the diffraction effects to be observed without the complications of macroscopic dichroism and birefringence. 
INTRODUCTION
In this paper we report observations of X-ray dichroism near the L 1 and L 3 uranium absorption edges in a crystal of rubidium uranyl nitrate, and we derive values for the corresponding anomalous scattering terms for uranium as a function of polarization direction and wavelength. This anisotropic anomalous scattering is observed more directly in a diffraction experiment with sodium uranyl acetate, a cubic crystal which cannot exhibit dichroism on a macroscopic scale.
After our observation of X-ray dichroism in the vanadyl ion (Templeton & Templeton, hereafter TT, 1980) X-ray absorption curves were measured at SSRL with an Enraf-Nonius CAD-4 diffraction apparatus (Phillips, Cerino & Hodgson, 1979) and an unfocused beam 'line, Line I-5. The beam was reflected twice by a channel-cut silicon monochromator crystal (cut for reflection on 220)
to select a wavelength interval 1 or 2 eV wide. With an electron energy -4-of 3.0 GeV in the storage ring, there t</as a significant intensity of A/2 radiation present, but the gate on the scintillation counter rejected most of it. This beam has strong linear polarization with electric vector horizontal.
The procedure was similar to that described for a vanadyl chelate (TT, 1980) . Diffraction experiments established the orientation of the crystal. Then each absorption curve was measured at a sequence of wavelengths using an ion chamber in front of the diffractometer and the scintillation counter (at zero angle with beam stop removed) as detectors. The crystal was set with the ~axis perpendicular to the beam and respectively vertical or horizontal for the perpendicular and parallel spectra. In each case the radiation was incident approximately perpendicular to (110), the largest face of the crystal.
The spectra exhibit substantial dichroism both at the L 1 edge (Fig. 1 ) and the L 3 edge (Fig. 2) , but the details are quite different.
The L 2 -edge spectra, which we have not yet recorded, are expected to resemble the L 3 spectra on a smaller scale. The structure near the edge (the Kossel structure) involves transitions of inner electrons to unoccupied molecular orbitals. According to selection rules for dipole transitions, these final states have symmetries which are mutually exclusive for excitation of a 2s electron at the L 1 edge or a 2p electron at L 3 . Thus one is not surprised to find differences. At L 3 the energy of the edge inflection is about 1.5 eV hi9her, and the first maximum 2.5 eV higher in the parallel spectrum than in the .. The very complicated electronic structures of the uranyl and other actinyl ions have been studied several times (Yanq, Johnson & Horsley, 1978; Denning, Snellgrove & Woodwark, 1979 ; and references therein), but we fail to find in these works a ready explanation of our results. The final states, in our case, are more like states of neptunyl than uranyl, because an extra electron has been added to the outer shells. The interpretation of these spectra is a challenge which we hope will stimulate further theoretical work.
The dichroism also extends into the EXAFS region, the beginning of which is shown at the right in Fig. 1 , and just barely in Fig. 2 .
Here the absolute magnitude of the effects is smaller, and the consequences to diffraction experiments will be less important. But because they depend on details of the neighboring structure, they will vary from crystal to crystal. The L 1 spectra can be analyzed like K-edge spectra, as in vanadyl acetylacetonate (TT, lp8o), with neighbors contributing according to the cosine squared of the angle between each bond and the polarization direction. We do not have independently-derived phase shifts for uranium, but with a single phase-shift function we can fit the main features of the parallel curve -6-to the U-0 distance 1.76 A of the uranyl ion and those of the perpendicular curve to the 2.48 A distance of the nearest nitrate 0 oxygen neighbors. The angular dependence at the L 3 edge is more complicated (Teo & Lee, 1979) , with both kinds of neighbors contributing in both polarizations, but again we can fit the largest effects in the two spectra respectively by the two distances. A more detailed discussion is postponed until we have analyzed spectra recorded with better counting statistics than the present ones. The dielectric constant of a birefringent crystal is given as ( 1 ) where E. is the ith principal dielectric constant and c 1 . is a direction 1 -cosine of the direction of polariz~tion (electric vector) in the coordinate system of the principal vibration directions (Shubnikov, 1960) . In matrix notation, in an arbitrary coordinate system, this
where e is a unit column vector describing the polarization, T indicates / transpose, and f is a tensor. A similar equation describes the absorption cross section of a pleochroic crystal.* The anisotropic dispersion of X-rays .follows the same physical principles as visible light, except that one must consider that the wavelength is comparable to interatomic distances. A consequence of this fact is that optical tensors sometimes must be assigned to individual atoms or molecules rather than only to the whole assembly.
Because of the direct relation between X-ray refraction, absorption, and scattering an equation simtlar to (2) describes the complex anisotropic form factor of an atom which exhibits X-ray dichroism. Consideration of the physics of dipole scattering shows that in this equation
* Pleochroism is absorption which is different in three principal directions. Dichroism is sometimes used in this more general sense, and sometimes restricted to cases where uniaxial symmetry is present, as in the uranyl salts considered here.
-8-the polarization occurs once for the incident ray and again for the scattered ray:
where e' is the polarization of scattered ray and f is a tensor charac- The situation is more tractable for cubic crystals, very thin crysta 1 s, or crysta 1 s very dilute in the absorbing atoms. Hith ordinary light, of course, cubic crystals are optically isotropic.
Cubic crystals are also isotropic on a macroscopic scale for propagation or absorption of X-rays. But at the microscopic scale at which diffraction interference occurs, the anisotropy of atoms and molecules affects the intensity of a diffracted ray. The anisotropy considered here is that dependent on polarization of the radiation, and by
definition it is treated as a variation of f 1 and f• •; it is quite distinct from the anisotropy of f 0 which reflects any non-spherical electron density and from. the anisotropy of thermal motion which is accommodated in the temperature factor.*
We designat~,.,.by s the polarization direction which is perpendicular to the.plane containing the incident and diffracted rays, and by p and p• those which are perpendicular to s (Fig. 3) . The symbol fsp means the form-factor calculated from Eq. (3) When all the atoms in the crystal are isotropic and the radiation is not polarized, the total amplitudes for the emergent s and p• rays differ just by the factor cos28 of Eq. (4b); addition of the squares then gives a total intensity proportional to (1 + cos 2 2e), the famiHar polarization factor for this case. Thus one sees that the polarization * We neglected complications due·to optical activity, which in principle may rotate the plane of polarization, but which is expected to be unimportant in the present experiments.
-10-factor is included implicity in Eq. (3).
For an anisotropic atom, even in a cubic crystal, the results are more comolicated; in general fsp and fps are not zero, the ratio of fpp to fss is not exactly cos2e, and fpp may not vanish ate= 45°.
In our experimental arrangement with synchrotron radiation the incident radia~ion is highly polarizaed in the s direction, and we neglect the fpp and fps terms. Further, in the uranium experiment the fsp amplitude is at most about 2% of fss and therefore has a negligible effect on the total intensity. In sodium uranyl acetate each uranyl ion lies on a three-fold axis, and thus the tensor f must be uniaxial.
We found it convenient to exoress f in terms of f = f + f 1 + if .ill1
[cos a -(1/3)] afl
and similarly for f 2 1 1 ;
-12-
Sodium Uranyl Acetate Diffraction Experiment
Sodium uranyl acetate is cubic, space group P2 1 3, with uranyl ions situated on 3-fold axes which point in four different directions. The structure was determined, except for hydrogen atoms, by Zachariasen & Plettinger (1959) , after an earlier study by Fankuchen (1935) . (Table I) Table I .
Intensities were corrected for absorption with our analytical absorption program. Correction factors ranged from about 3.7 to 10.0.
They were corrected by the Lorentz factor but not for polarization.
The results derived by least-squares adjustment are listed in Table I . The anisotropy parameters f 2 1 and f 2 1 1 are plotted in The agreement between the results of the two methods is gratifying.
• These effects are enhanced by the polarized nature of synchrotron radiation, but they will occur even with unpolarized incident radiation; the scattering process always introduces some polarization into the scattered ray.
-16-
CONCLUSION
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